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Abstract: We present a network of seven ring-width chronologies of eastern white-cedar (Thuja occidentalis L.) from
the Niagara Escarpment in southern Ontario, Canada. Using principal component regression, a 350-year June–July pre-
cipitation reconstruction (SOR) is developed for the region. Prior to the 20th century, the SOR series shows reasonable
coherence, particularly at the decadal scale, with an independent tree-ring-based reconstruction of the Palmer drought
severity index (PDSI) for roughly the same region. A weakening of the tree-growth – climate relationship in recent de-
cades results in a regression model explaining 21% of the variance in the original climate series when the recent data
are used for calibration. We therefore compromise with a model, calibrated for the period 1900–1960, which explains
33% of the variance. The model, while not terribly strong, does pass verification tests, indicating some degree of pre-
dictive skill. The longest chronology in our network, the 2787-year Flowerpot Island (FLOW) chronology, also exhibits
common variability with the PDSI reconstruction, particularly on decadal and longer time scales and was used to infer
hydroclimatic conditions back to AD 610. The combined information of the SOR, PDSI, and FLOW series suggests
that dry conditions existed for the periods 1700–1725, 1750–1800, and 1840–1900, and wet conditions for the periods
1675–1700, 1730–1750, and 1810–1840. Over longer time scales, the FLOW chronology shows that summer precipita-
tion was particularly variable during the 7th, 9th, 13th, and 16th centuries.
Résumé : Les auteurs présentent un réseau composé de sept courbes dendrochronologiques du thuya occidental (Thuja
occidentalis L.) provenant de l’escarpement du Niagara dans le sud de l’Ontario, au Canada. À l’aide de la régression
en composantes principales, ils ont reconstitué les précipitations en juin et juillet depuis 350 ans (SOR) pour cette ré-
gion. Avant le 20e siècle, la courbe SOR est raisonnablement cohérente, particulièrement à l’échelle décennale, avec
une reconstitution indépendante de l’indice de sévérité de sécheresse de Palmer (ISSP) pour à peu près la même ré-
gion. Une détérioration de la relation entre le climat et la croissance des arbres au cours des dernières décennies fait en
sorte qu’un modèle de régression calibré avec des données récentes explique 21 % de la variance dans les courbes ori-
ginales pour le climat. Les auteurs ont par conséquent fait un compromis avec un modèle calibré sur la période de
1900 à 1960 qui explique 33 % de la variance. Le modèle, bien qu’il ne soit pas très robuste, satisfait les tests de véri-
fication indiquant qu’il a un certain degré de capacité de prédiction. La plus longue courbe dans notre réseau, la
courbe de Flowerpot Island (FLOW) qui couvre 2 787 ans, montre également une similitude avec la reconstitution de
l’ISSP, particulièrement à l’échelle décennale et à plus grande échelle. Elle a été utilisée pour déduire les conditions
hydro-climatiques jusqu’à 610 ans. L’information combinée des courbes SOR, ISSP et FLOW suggère qu’il y a eu des
périodes sèches de 1700 à 1725, de 1750 à 1800 et de 1840 à 1900 tandis que les périodes de 1675 à 1700, 1730 à
1750 et 1810 à 1840 ont généralement été humides. Sur des échelles de temps plus longues, la courbe FLOW montre
que les précipitations estivales ont été particulièrement variables au cours des 7e, 9e, 13e et 16e siècles.
[Traduit par la Rédaction] Buckley et al. 2553
Introduction
Long records of climate are necessary for assessing cur-
rent global climate changes within the context of long-term
variability. One important role of the paleoclimate community
is to extend the instrumental record through the development
of proxy records from natural archives such as tree rings, ice
cores, corals, and sediments from terrestrial and marine
sources. High-resolution time series in excess of 500 years
are rare, even for the relatively data-rich areas of North
America and Europe. Therefore, any such records have im-
mediate value, particularly when they are shown to have a
sensitivity to climate and can be used for studying past envi-
ronmental changes. Tree-ring time series are particularly
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relevant to recent climate studies because of their annual
resolution and, when standardized carefully, their ability to
retain low-frequency variance on time scales of decades to
centuries (e.g., Esper et al. 2002).
Eastern white-cedar (Thuja occidentalis L.), found grow-
ing on the cliffs of the Niagara Escarpment, form one of the
oldest-known living forest systems in eastern North America
(Larson and Kelly 1991; Kelly et al. 1992, 1994; Larson et
al. 2000). Kelly et al. (1994) developed a 1397-year ring-
width chronology from living and preserved dead cedar trees
of the northern Bruce Peninsula (Fig. 1), from which they
detailed the potential of this species for developing long
dendroclimatic reconstructions. Their research indicated a
significant response to temperature (negative) and precipita-
tion (positive) in July of the year prior to growth. This same
response signature was seen weakly in the current year of
growth as well, though the timing was slightly different and
the results not statistically significant.
Archambault and Bergeron (1992), Tardif and Stevenson
(2001), and Tardif and Stevenson (1997) also used T. occiden-
talis for dendroclimatic research and demonstrated a signifi-
cant response to precipitation and drought in each of these
instances in their studies of trees from Quebec and Mani-
toba, respectively. For all these studies on T. occidentalis,
the response to climate incorporated negative response to
temperature with positive response to early summer rainfall,
with the latter response being least pronounced in the Niag-
ara Escarpment cedar. The difference in site characteristics
between these locations can account for much of this vari-
able tree response. For example, the Quebec and Manitoba
sites were not from cliff-face trees and were much farther
north, where temperature is more limiting to growth (Tardif
and Stevenson 2001). In spite of this temperature limitation,
however, the trees demonstrated consistent response to mois-
ture availability during the growing season, particularly in
conjunction with warm temperatures. In this paper, we argue
for a moisture response in the Niagara Escarpment cedar
trees, similar to what these other studies found.
The cedars of the Niagara Escarpment are an important
resource to the paleo community because of their great age
combined with their proximity to one of the most densely
populated and heavily industrialized regions of North Amer-
ica, an area that plays a significant role in the release of the
aerosol gases that are central to the global warming debate.
In addition, the Great Lakes constitute the largest volume of
fresh surface water on earth, containing roughly 18% of the
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Fig. 1. Location map of cedar sites, climate stations, the relevant 5° × 5° grid for precipitation (1900–1994) and temperature (1864–1997),
and Cook et al.’s (1999) Palmer drought severity index (PDSI) (Grid 133, 1680–1980) reconstruction. BP, Bruce Peninsula; DP, Door
Peninsula. The Woodstock (1870–1988) and Toronto (1846–1990) precipitation records were taken from the Historical Canadian Climate
Data network and have been corrected for homogeneity problems (Mekis and Hogg 1999).
world supply (Environment Canada and US Environmental
Protection Agency 1995). Large changes in the region’s wa-
ter storage, resulting from changing climate conditions, would
have consequences for millions of people living in the re-
gion, with potentially global repercussions of an economic
and ecological nature. The ability to explore the long-term
natural variability of past environmental changes, including
climate, from long proxy records is of enormous value in as-
sessing currently changing trends, and the Niagara Escarp-
ment cedars afford such an opportunity.
In this paper, we present previously unpublished chronol-
ogies of living cedar from along the Niagara Escarpment,
and an extended version of the Kelly et al. (1992, 1994)
Flowerpot Island chronology (henceforth referred to as
FLOW). This chronology is now 2787 years long and is cur-
rently the longest tree-ring record from eastern North Amer-
ica and one of the longest in all of North America. We use
the entire chronology network to develop a 350-year June–
July precipitation reconstruction for the region that explains
33% of the variance in the original climate series. We then
infer hydroclimatic conditions for the past 1400 years, based
on the long FLOW chronology, and compare this with other
proxy records for the region. While the 33% explained vari-
ance of our reconstruction may be considered somewhat weak
in terms of predictive skill, it may still be of great interest to
policy-makers in the Great Lakes region who wish to place
recent and projected changes in climate within the context of
the long-term natural variability of climate for the region.
Materials and methods
The chronology network and the study region
The seven chronologies presented in this paper come from
T. occidentalis trees growing on cliff locations along the Niagara
Escarpment (Table 1). Site locations range from Manitoulin
Island, across the northern tip of the Bruce Peninsula, to the
cliffs just southwest of Toronto (Fig. 1). This tree species
occurs abundantly in both wetland and rocky upland areas of
northeastern North America, but several genetic studies have
shown that the species broadly interbreeds and is genetically
homogeneous throughout this range (Matthes-Sears et al.
1991; Matthes-Sears and Larson 1991). Multiple genotypes
of several enzymes have been found in the central and south-
ern portions of the range of this species (Walker 1987), but
functionally distinctive ecotypes have not been found.
The exposed Niagara Escarpment is primarily composed
of limestone and dolostone and in the study area forms a
ridge of gently tilted rock strata, with a long, gradual dip
slope to the west and a steep escarpment or cliff to the east.
Cedar trees growing on these cliff faces are prone to root
mass restriction, but are only marginally limited by nutrient
or water supply (Matthes-Sears et al. 1995). It is only during
periods of severe drought and high temperature that these
trees have the potential to be moisture stressed. It is there-
fore likely that microsite conditions, even to the individual
tree level, may be exerting substantial influence on the sam-
pled trees in many instances.
The climate of the Niagara Escarpment in southern On-
tario is strongly influenced by its proximity to the Great
Lakes. Temperature and precipitation both exhibit pronounced
seasonal variability, reflecting the temperate latitude of the
region. Average maximum temperature in the warmest month
is 29.9 °C, while the average minimum temperature in the
coldest month is –7.1 °C. The mean annual total precipitation
is around 818.5 mm, although there is great spatial variability
with distance from the lakes and proximity to “snow-belt”
zones that lie mostly south of the Bruce Peninsula (Environment
Canada and US Environmental Protection Agency 1995). Ad-
ditionally, the changing aspect of cliff faces and exposure to
air that is tempered by the massive body of Lake Huron cre-
ate microclimate conditions that can be quite locally variable.
Climate data
Precipitation (Hulme 1992, 1994; Hulme et al. 1998) and
temperature (Jones 1994; Parker et al. 1995; Nicholls et al.
1995) data were obtained for a 5° × 5° grid that encom-
passes much of the study region (Fig. 1). Despite the large
spatial coverage of this grid, experimentation (analyses not
shown) with local station data and neighbouring grids showed
that these data were the optimal climate data sets for correla-
tion function analysis. However, to aid verification of the
precipitation reconstruction detailed later, the gridded pre-
cipitation data were extended using data from Toronto and
Woodstock (Fig. 1). These two records were first normalized
to their respective common period and averaged. The mean
and standard deviation of this two-station mean series were
adjusted to that of the gridded precipitation data over the pe-
riod 1900–1990, and the data from the period 1846–1899
were used to extend the gridded data. This analysis was un-
dertaken separately for each month.
Chronology development
The seven cedar chronologies are plotted in Fig. 2, along
with sample depth and a measure of signal strength through
time. For all samples we used standard procedures as out-
lined in Stokes and Smiley (1968) and Fritts (1976) with re-
gard to field collection, sample preparation, dating control
(i.e., cross-dating), and measuring procedures. The tree-ring
samples for this project were obtained from two general situ-
ations. The first involved the extraction of core samples from
living trees growing on vertical cliff faces or on the talus be-
low the cliffs. The second source of samples came from
cross-sections or core samples taken from dead stems, either
found in situ, still rooted on the cliff faces or talus, or as
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Note: MAN, Manitoulin; FLOW, Flowerpot Island;
LOST, Lost World; GILL, Gillies; LION, Lion’s Head;
PURP, Purple Valley; MILT, Milton.
Table 1. The seven cedar chronologies from southern
Ontario and Manitoulin Island (Fig. 1), with the
number of radii and time span.
fallen logs at the base of the cliffs or on ledges. All core
samples were obtained with standard 5 mm diameter increment
corers that cause minimal damage to living trees. Handsaws
were used to obtain cross-sections from dead trees where
necessary.
For the development of the indexed chronology, a two-
step standardization procedure was employed to reduce the
potential biasing effects of traditional methods, while pre-
serving multidecadal frequency variation related to climate.
First, the variance of each series was stabilized prior to stan-
dardization, using a data-adaptive power transformation based
on the local mean and standard deviation, as described by
Cook and Peters (1997). Second, a fixed 150-year spline
(with a 50% frequency-response cut-off) was fitted to each
raw series, and this trend was then removed by subtraction.
We used residuals rather than ratios during the standardiza-
tion process to avoid the potential biasing effects that can re-
sult from using division, as demonstrated by Eriksson (1989)
and, more fully, by Cook and Peters (1997), who clearly de-
scribe the potential for overestimation of the recent decades
in tree-ring chronologies with the use of the ratio method.
Autoregressive modeling was then applied to each tree-ring
series (Cook 1985), and the biweight robust mean was calcu-
lated to reduce the influence of outliers in the computation
of the mean chronologies. Finally, the variance of the chro-
nologies was temporally stabilized using techniques outlined
in Osborn et al. (1997) to reduce the effects of changing
sample size. This process removes a potential bias of chang-
ing variance that is not climatically driven. It should be
noted that the use of the fixed 150-year spline results in a
chronology that captures multidecadal to higher frequencies.
All potential centennial-scale variability has to be removed
from these data.
The temporal sample depth of each chronology is shown
in Fig. 2, along with the Expressed Population Signal (EPS)
statistic as outlined by Wigley et al. (1984). The EPS statis-
tic shows the strength of a chronology signal through time.
While there is no level of significance for EPS per se, values
above 0.85 are generally accepted in dendrochronology as
showing an acceptable level of common signal fidelity. Pe-
riods of the record that dip below this accepted threshold
level should be viewed more critically when one is trying to
make inferences about climate or other environmental fac-
tors that are derived from the tree-ring time series.
Correlation matrix and principal component analysis
Intersite comparison was assessed using correlation ma-
trix and principal component analysis (PCA) over the 1650–
1989 period, where the signal strength of the chronologies is
acceptable based on the EPS criteria, as noted previously
(Fig. 2). PCA, as used in this study, involves the extraction
of orthogonal (uncorrelated) principal components, or fac-
tors, from an original set of correlated variables by employing
a variance maximizing (“varimax”) rotation of the original
variable space (Richman 1986). In a scatterplot, for exam-
ple, we can think of the regression line as the original x-axis,
rotated so that it approximates the regression line. This type
of rotation is called “variance maximizing”, because the cri-
terion for, and goal of, the rotation is to maximize the vari-
ance of a new set of uncorrelated variables (factors) while
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Fig. 2. The seven cedar ARSTAN chronologies from Manitoulin
Island and the Bruce Peninsula. The expressed population signal
statistic (EPS; Wigley et al. 1984) and sample depth through
time are shown in the upper and lower sections of each graph re-
spectively. The chronologies are smoothed with a 25-year spline.
MAN, Manitoulin; FLOW, Flowerpot Island; LOST, Lost World;
GILL, Gillies; LION, Lion’s Head; PURP, Purple Valley; MILT,
Milton.
minimizing the variance around these new variables. Factor
analytic techniques are employed to reduce the number of
variables and to detect structure in the relationships between
variables. Therefore, PCA is applied as a data reduction or
structure detection method and is widely used in dendro-
climatology (Briffa 1995). We employed this technique in
this study to assess the common variance modes of tree-ring
variability between all sites over a common period spanning
1650–1989. The varimax rotation was used to aid the inter-
pretation of the individual site loadings on each eigenvector.
(For a full description and justification of the rotation proce-
dure, see Richman 1986.)
Climate response analysis
Correlation function analyses were performed between the
identified principal component scores from the cedar net-
work and monthly variables of the gridded precipitation and
temperature data. The results are similar to those using the
individual chronologies. However, because of the noisier na-
ture of comparing correlation functions from individual sites,
we present here only the correlations from the principal com-
ponents, as they express the dominant modes of variance in
the data and will be used to develop a regional reconstruction
of climate. Therefore, it should be noted that while the varimax
factor scores are based on the original tree-ring time series
and are not entirely independent, they are orthogonalized vari-
ables and are not constrained to respond in a similar fashion
to the original variables. We interpret the similarity between
the single site and principal component correlation functions
as further validation of the response functions themselves.
Results and discussion
The living data of the MAN, LOST, and GILL sites are
entirely represented by talus trees, differing markedly from
the FLOW, LION, PURP, and MILT sites, which are domi-
nated by trees that were growing on vertical surfaces, away
from disturbances such as fire. The correlation matrix in Ta-
ble 2 illustrates the extent of regional agreement between the
chronologies. The seven chronologies are not so strongly
correlated, except for the PURP and MILT, which correlate
at 0.74. The LOST chronology is the most weakly correlated
series in the network and also shows weak signal strength in
the 19th and 20th centuries. In addition to relatively low rep-
lication (Fig. 2), there is evidence of fire-related disturbance
at this site that probably exacerbates its weaker signal
strength through this period. Some of the standing dead trees
at this site had an outer date of 1884 and showed signs of
charcoal. There was also a sharp growth release in the sur-
viving trees subsequent to this apparent fire event. It resulted
in a period of high index values in the LOST chronology at
the end of the 19th century (Fig. 2). Therefore, because of
low replication in the living portion and the known fire-
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Site MAN
FLO
W LOST GILL LION PURP MILT
MAN 1 0.41 0.23 0.45 0.46 0.38 0.31
FLOW 1 0.39 0.46 0.55 0.23 0.19
LOST 1 0.29 0.40 0.07* 0.05*
GILL 1 0.49 0.44 0.34
LION 1 0.32 0.20
PURP 1 0.74
MILT 1
Mean r 0.37 0.37 0.24 0.41 0.40 0.36 0.30
Note: MAN, Manitoulin; FLOW, Flowerpot Island; LOST, Lost World; GILL, Gillies; LION, Lion’s Head; PURP,
Purple Valley; MILT, Milton.
*Correlations not significant at the 95% confidence limit.
Table 2. Correlation matrix of the seven ARSTAN chronologies for the common period 1650–1989.
Fig. 3. (a) Loadings of the first two variance maximizing (varimax)
eigenvectors (eigenvalues > 1.0) for the cedar chronology network.
(Note: LOST was not included in this analysis because of weak
signal strength). (b) Time-series plots of the two significant prin-
cipal components (PC1 and PC2). The heavy line is a 25-year
cubic smoothing spline.
related disturbance, we removed this chronology from all
ensuing analyses.
The PCA identifies two eigenvectors that have eigenvalues
greater than unity, the loadings and scores of which are
shown in Fig. 3. These two factors define a general north–
south split between the chronologies, with the PURP and
MILT chronologies dominating the second principal compo-
nents (PC2) and the northern chronologies (MAN, FLOW,
GILL, and LION) dominating the first (PC1). It is interesting
to note that both the correlation matrix analysis (Table 2)
and the PCA (Fig. 3a) indicate that the PURP chronology
exhibits strongest agreement with the MILT chronology, de-
spite a substantial distance and its more proximal location to
the LION chronology (Fig. 1). It is not clear to us why the
PURP and MILT data are so highly correlated, but their
strong common signal implies that the two sites express sim-
ilar ecological characteristics or that a large-scale regional
forcing (presumably climate) is influencing growth in a sim-
ilar fashion at both of these locations, but not elsewhere
throughout the study location. The relatively low intersite
correlations (Table 2) of the other chronologies imply that
site-specific factors, possibly related to microclimate or local
hydrological conditions, may play a more significant role in
modulating the response of cedar trees to this potential com-
mon forcing. Work is currently in progress to collect new
tree-ring series from ancient trees at multiple locations along
the Niagara Escarpment. Once analyzed, these data may al-
low a resolution of the causes of the site-specific differences
found here.
Climate response of T. occidentalis
The response of the chronologies and their respective prin-
cipal components is complex and appears to be unstable
through time. Over the 1900–1960 period, PC2 (i.e., PURP
and MILT) shows the strongest relationship with climate, ex-
pressed as a positive relationship with June–July precipitation
of the current year and June and August of the previous year
(Fig. 4a). These observations are coupled with a negative
correlation with January and June temperatures and positive
correlations with March and April temperatures. While these
correlations do find significance at the 95% level of confi-
dence, we would like to emphasize that not only are they rel-
atively weak, but they also change for the later 1961–1989
period. For this latter period, no significant correlations with
precipitation are identified, although a similar response to
temperature is noted, with negative correlations with January
and a positive correlation with April.
In general, the correlations of PC1 (i.e., the northern chro-
nologies) with climate variables are much weaker than those
for PC2 and are likewise variable through time. For the early
period, significant correlations (p < 0.05) are found with
current July (positive) and February (negative) precipitation
and with previous August (negative) temperatures, while for
the later period significant correlations are found with March
(positive) precipitation and present June–July (negative) and
previous July (negative) temperatures.
The climate correlation analyses detailed by Kelly et al.
(1994) of the original FLOW chronology are similar to those
of PC1, showing a significant (p < 0.05), inverse response to
temperature in the prior growing season, in conjunction with
a (weakly) significant, direct response to precipitation. Tardif
and Stevenson (2001) reported similar response functions to
PC2 for the 1900–1961 period for white-cedar from Manitoba,
exemplified by a positive correlation with June–July precipi-
tation, coupled with a negative correlation with June temper-
ature. Negative correlations were also found between growth
and prior-year August maximum temperature, suggesting that
water stress could lower the accumulation of the trees’ car-
bohydrate reserves and result in growth reduction the following
year (Tardif and Stevenson 2001). Archambault and Bergeron
(1992) found a very similar response for white-cedar in Que-
bec, as did Kelly at al. (1994) for the Niagara Escarpment
and as we now have in the current paper.
The results of Kelly et al. (1994) and those presented for
PC1 (Fig. 4) imply that cool and wet conditions during the
growing season serve to “precondition” the trees for positive
growth the following season. Conversely, dry and hot condi-
tions adversely affect the following-year’s growth, resulting
in a narrow growth ring. We interpret this as a sensitivity to
moisture availability, since maximum temperature on the cliff
face increases during dry, cloudless summer months and might
be expected to cause heat stress, stomatal closure, a decrease
in water use efficiency, and, consequently, a reduction of ra-
dial growth (e.g., Fichtner et al. 1994).
It should be noted that T. occidentalis is an indeterminate
growth species, meaning that one year’s foliar growth is not
determined by the setting of buds from the prior season.
This is important when assessing the climate–growth model
results, because it implies a direct input–output relationship
between growth and environmental factors such as climate.
Matthes-Sears et al. (1995) supplied a nutrient-rich solution
to cliff-dwelling, white-cedar saplings along the Niagara Es-
carpment in southern Ontario and noted a significant in-
crease in several measures of productivity directly following
treatments, a finding that supports the aforementioned hy-
pothesis. For example, the diurnal carbon uptake was al-
tered, and shoot elongation and leaf area growth were both
enhanced. Annual radial growth, however, in the form of
measured ring width, did not experience a related increase
until the following growing season. This is attributed to the
fact that stem growth has the longest response time and only
occurs once the resource demands of foliage and root growth
have been met (Waring 1987). Furthermore, field observations
of T. occidentalis over several seasons, both on the Bruce
Peninsula (U. Matthes-Seares, unpublished data) and the Door
Peninsula in Wisconsin (B.M. Buckley, unpublished data),
show that cell division for ring growth in T. occidentalis
may already be taking place as early as March and may be
completed for the season as early as late June. This may
help to explain the climate correlation analyses of Kelly et
al. (1994), suggesting that the prior-season’s climate sets the
conditions for radial growth in the following year. It should
be noted, however, that Ahlgren (1957) and Forster et al.
(2000) report that radial growth for T. occidentalis is ac-
tively taking place from mid-May to mid-August.
The positive correlations of PC2 with present-year June–
July precipitation also imply a dominant summer hydrologi-
cal control on growth. Archambault and Bergeron (1992)
found that drought during the season of growth was the lim-
iting factor for their 802-year T. occidentalis chronology
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from western Quebec (manifested as a positive correlation
with June precipitation and a negative response to tempera-
ture in the same month). Given the previous discussion on
the response of radial growth of T. occidentalis to previous-
and current-year’s climate, we hypothesize that our Thuja
chronologies are, in general, sensitive to localized hydro
meteorological conditions and can be used to analyze past mois-
ture and drought conditions for the region, within the limita-
tions of the climate calibration as presented in this paper.
The weakening of the response to precipitation in the late
20th century is discussed in the following section.
Dendroclimatic reconstruction of June–July precipitation
The climate – tree growth correlation analyses demon-
strate relationships with present- and previous-year’s climate
(Fig. 4). Therefore, the PC scores with eigenvalues >1.0
(Fig. 3b), lagged at t and t+1, were used as potential predictors
for the reconstruction of climate. Using a stepwise multiple
linear regression (F to enter = 0.01; F to remove = 0.05), we
made calibration trials over the 1900–1988 period (represented
by the gridded data) against a variety of seasonalized clima-
tic parameters of precipitation and temperature. Considering
both calibration and verification statistics, we determined
© 2004 NRC Canada
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Fig. 4. Correlation functions for principal components PC1 and PC2 against monthly time series of (a) precipitation- and (b) temperature-
gridded climate data. Analysis was made over two periods: 1900–1960 and 1961–1989. Highlighted bars denote correlations significant
at the 95% confidence limit.
that the optimal season for reconstruction was June–July
precipitation. This final full period model explains 21% of
the variance in the original precipitation data. We admit that
this value is low, but the poor results are exacerbated by a
distinct weakening in the relationship between actual and
modeled precipitation values through the 20th century.
Calibration over the 1900–1960 period substantially im-
proves the results, with 33% of the precipitation variance be-
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Fig. 5. Regression model calibration and verification. (a) Comparison between actual and reconstructed June–July precipitation totals.
The reconstructed values have been scaled to the mean and variance of the actual data. Calibration and verification statistics and the
regression equations are also shown. Verification 1, 1846–1899; verification 2, 1961–1988; *, verification significant at the 95% confi-
dence limit. The reduction of error (RE) is a measure of the common variance between the actual series and the tree-ring estimates,
for which a positive value indicates skill in the regression (Cook et al. 1994). The sign test (ST), which measures how well the recon-
structed estimates track the year-to-year variations in the instrumental data (Fritts 1976; Cook and Kairiukstis 1990). (b) Sliding 31-
year window correlations between the actual and reconstructed precipitation values. (c) Comparison between low-pass filtered versions
(10-year spline) of the actual and reconstructed precipitation data. The smoothed series were normalized to z-scores over their common
period. Because of the loss in degrees of freedom of smoothing the data, the correlations are not significant at the 95% confidence
limit. However, they provide a guide to the common variance at decadal time scales between the series.
ing accounted for (Fig. 5a). The model verifies well over the
1846–1899 period (r = 0.40; RE (reduction of error) = 0.16;
ST (sign test) = 38/16), but fails verification over the 1961–
1988 period (r = 0.11; RE = –0.32; ST = 14/14), highlighting
the weakening in signal in the tree growth – climate rela-
tionship for recent decades. This weakening is clearly shown
in Fig. 5b by the running 31-year correlation between the ac-
tual and modeled precipitation data. That shows relatively
stable correlations with June–July precipitation from 1846 to
the mid 20th century, followed by a significant weakening
of the calibration statistics after this period. Comparison of
decadally-smoothed versions of the actual and modeled pre-
cipitation values (Fig. 5c) also shows that there is reasonably
stronger fidelity of the model at decadal scales from the 19th
to mid-20th centuries.
Traditionally, in dendroclimatology, a split-period calibration–
verification exercise would be employed to assess the temporal
fidelity of a modeled signal (Fritts 1976). In Fig. 5a, we only
present the calibration results for the 1900–1960 period, be-
cause it portrays the strongest calibration results when modeling
June–July precipitation. If the post-1960 period is ignored,
calibration on the 1846–1899 period explains only 14% of
the variance, but verifies well for the 1900–1960 period (r =
0.55; RE = 0.28; ST = 42/19). Although it could be argued
that the signal fidelity in the ring width data in the 19th cen-
tury is weaker, it is also likely that the signal strength of the
precipitation data themselves is weaker. Those data are only
represented by data from one or two stations (Woodstock
and Toronto), whereas the 1900–1960 period in the gridded
data will have been generated from more station data. For
this reason, the final reconstruction presented hereafter in
this paper is that generated from the 1900–1960 calibration.
We should note that we are currently unable to derive a
satisfactory explanation for the loss of fidelity in the growth–
climate model in recent decades (Figs. 5b and 5e). Several
dendroclimatic studies from various northern hemisphere lo-
cations have also noted a weakening in the growth–climate
response since the 1950s (e.g., Jacoby and D’Arrigo 1995;
Briffa et al. 1998a, 1998b; Vaganov et al. 1999; Barber et al.
2000; Brázdil et al. 2002; Lloyd and Fastie 2002; Wilson
and Luckman 2003; Wilson and Elling 2004). However, as a
variety of factors have been proposed to explain this weak-
ening in growth–climate response, the reasons are likely re-
gionally specific. In the case of the Niagara Escarpment
cedar, the fact that PC2 (more heavily weighted in the re-
gression model) is derived from two widely spaced sites
suggests that whatever mechanism is affecting the tree’s re-
sponse to climate, it is not likely to be site specific. Also, the
fact that PC2 shows consistent correlations with January
(negative) and March–April (positive) temperatures through
the 20th century (Fig. 4b) indicates that temperature is likely
an important factor in tree productivity and may modulate
the response of this species to precipitation.
The previous section detailed the development of a June–
July precipitation reconstruction for southern Ontario (hence-
forth referred to as SOR). Although the regression model
explains only 33% of the precipitation variance over the
1900–1960 calibration period (Fig. 5a), the reconstruction
does portray predictive skill when verified over the 1846–
1899 period. The SOR (Fig. 6a) indicates dry conditions
over the periods 1655–1670, 1705–1725, 1745–1760, around
1775 and 1805, and during the period 1860–1880. The 20th
century appears fairly unremarkable, with generally average
conditions throughout.
When compared with an independent tree-ring-based PDSI
reconstruction (Cook et al. 1999; henceforth referred to as
COOK) for a 2° × 3° grid square centered over southern Ontario
(Fig. 1), the correlation between the reconstructions is –0.07
and 0.31, respectively, over the periods 1680–1845 and 1846–
1960 (Fig. 6). As both series reconstruct the summer season
and portray a similar region, this weak covariance is surpris-
ing, especially since the correlation between June–July pre-
cipitation and June–July PDSI for this region is 0.60 over
the 1900–1960 period.
The FLOW chronology (Fig. 6c), which was included in
the original PCA data matrix (Fig. 3), appears to show de-
cadal characteristics similar to both SOR and COOK. For
example, from 1650 to 1780, FLOW qualitatively shows
similar variability to SOR, while in the 19th century it more
closely resembles COOK. However, the correlations between
these chronologies over the 1680–1845 and 1846–1960 peri-
ods show the opposite, with the strongest coherence being
noted between FLOW and COOK for the early period (r =
0.26) and a correlation of r = 0.27 between FLOW and SOR
for the later period.
The period of greatest difference between all three series
in Fig. 6 is in the late 20th century, which reiterates the
problems noted earlier for calibration. The number of ex-
treme (>1.5 SD away from the 1900–1960 reference period)
negative and positive years in each series in Fig. 6 is generally
higher in the 20th century. This increased variability could
be interpreted as being related to a more variable climate,
but could also result from disturbance in the last 100 years
or so. Kelly et al. (1994) noted that the strong depression in
growth in the FLOW chronology after 1908 (Fig. 6) cannot
be explained by climatic variables, and instead might reflect
a response to a fire that had swept over the Bruce Peninsula
region in 1908. As the FLOW chronology is weighted strongly
on PC1, this is one possible reason for the weak response of
this chronology and its related PC to climate.
Brinkman (1987) reconstructed water supplies to the Great
Lakes using tree-ring data (species included red pine, hem-
lock, white pine, pitch pine, and chestnut oak). His recon-
structions show a tendency for above-average values during
the first half of the 1800s and below-average values during
the latter half. Similar trends are also seen in the three re-
cords presented in Fig. 6. In particular, wet summer condi-
tions can be inferred from COOK and FLOW around the
1830s. High lake levels were recorded during this period,
while regional climate records indicate that the 1830s were
wet over most of the Great Lakes region (Brinkman 1987).
Therefore, by pooling the information of each record in Fig. 6,
we can infer wet conditions prior to the 20th century over
the periods 1675–1700, 1730–1750 and 1810–1840 and drier
conditions for the periods 1700–1725, 1750–1800, and 1840–
1900.
After low-pass filtering (25-year splines; Fig. 6), the cor-
relations between FLOW and both the SOR and COOK series
over the 1683–1900 period are 0.13 and 0.57, respectively.
The reasonable coherence with the COOK record at decadal
scales, although not significant at the 95% confidence limit
because of the autocorrelation in the smoothed series (e.g.,
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Trenberth 1984), supports our contention that the FLOW
chronology alone provides important information about past
moisture availability at multidecadal scales. It is surprising,
however, that the correlations between FLOW and SOR are
not higher, as these series are not entirely independent because
FLOW is included in the SOR model as a significantly weighted
variable on PC1.
Figure 7 presents the FLOW chronology back to AD 610,
the period during which the EPS value of the chronology is
greater than 0.85 (Wigley et al. 1984). Given that we are
interpreting FLOW as a proxy of summer precipitation, we
can identify multidecadal periods of above- or below- average
growth (precipitation) over the last 1400 years. By calculat-
ing 10-year averages of the normalized data, we have been
able to identify extreme nonoverlapping decadal periods in
the record. Excluding the 20th century, where the cedar chro-
nology shows depressed growth in the early 20th century be-
cause of fire effects, 15 dry and 9 wet extreme decadal
periods have been identified over the period 610–1899 (Fig. 7;
Table 3).
The driest decade, 1234–1243 (Table 3), was soon fol-
lowed by the second wettest decade (1268–1277). This rela-
tively rapid change in hydroclimatic conditions is not unique
in the FLOW record. For example, the most prolonged dry
period, from ca. 800–840 (which includes the decadal ex-
tremes 803–812 and 822–831), was preceded and followed
by relatively wet conditions. There are three distinct “dry–
wet–dry” periods: ca. 650–700, ca. 1000–1060, and ca. 1480–
1540. In general, the 16th century portrays extremely variable
hydroclimatic conditions. Dry conditions were prevalent at
the end of the 15th century (1496–1505, the fourth driest de-
cade), followed by the wettest decadal period (1512–1521)
and then a second dry period (1530–1539). Stahle et al.
(2000) highlighted the 16th century as a period of extreme
hydroclimatic conditions across North America. They de-
scribe a “megadrought” that occurred in Mexico in the
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Fig. 6. Normalized (relative to the 1900–1960 period) time-series plots of (a) the southern Ontario precipitation reconstruction (SOR),
(b) Grid 133 in Cook et al.’s (1999) Palmer drought severity index (PDSI) reconstruction for southern Ontario (COOK), and (c) the
Flowerpot chronology (FLOW). The bold lines are 25-year cubic smoothing splines. The correlation matrices were calculated between
the chronologies over the periods 1680–1845 and 1846–1960. *, denotes significant (95% confidence limit) correlations. For the unfil-
tered series, the number of extreme (>1.5 SD) annual values above and below the 1900–1960 reference period are shown for each
complete 50-year period.
1560s and then appeared to spread north and east during the
latter half of the 16th century. It is possible that the 1599–
1608 dry decadal period in the FLOW chronology is a weak
expression of this northward spread of this 16th century
megadrought. The 1827–1836 wet period, mentioned earlier,
is the third wettest decadal period in the entire FLOW re-
cord and is itself followed by dry conditions from 1842 to
1851. Despite these climatic oscillations, an earlier study of
the population dynamics of cliff-face T. occidentalis shows
no significant pulses of either recruitment or mortality of the
trees in these time periods (Kelly and Larson 1997).
The FLOW chronology portrays a picture of variable hydro-
climatic conditions with prolonged decadal periods of either
dry or wet conditions that suddenly shift to the opposite ex-
treme. By studying the number of extreme (>1.5 SD) years in
each century (Fig. 7), the centuries that appear to have shown
the most variability at interannual time scales are the 7th, 9th,
13th, and 16th. The 20th century also shows high year-to-year
variability, but the effects of fire and other possible
anthropogenic disturbance factors in the early 20th century,
coupled with the quantified loss of climate signal fidelity toward
the latter half of the century, may be biasing the results.
Conclusion
This paper reports on a recently expanded network of east-
ern white-cedar chronologies from southern Ontario, Canada.
Seven chronologies have been developed, one of which goes
back to 798 BC (Table 1). Applying principal component
regression, a June–July precipitation reconstruction (SOR),
spatially weighted to southern Ontario, was developed using
these data. Although the model explains only 33% of the cli-
matic variance, it does verify against climate data prior to
the calibration period (1900–1960). A weakening in the cli-
mate – tree growth relationship was noted in recent decades.
At this time, we have no satisfactory explanation for this
loss of fidelity in recent decades, but we note a similar
weakening in climate – tree growth relationship response of
trees of this same species located on the western edge of the
Niagara Escarpment cliffs of the Door Peninsula (Fig. 1) in
Wisconsin (B.M. Buckley, R.J. Wilson, P. Kelly, and D.W.
Larson, unpublished data).
The SOR series presented in this paper shows some co-
herence at decadal scales with an independent tree-ring-based
reconstruction of PDSI (Cook et al. 1999) for southern On-
tario. The nearly three-millennial FLOW chronology corre-
lates better with the COOK series prior to the late 20th
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Fig. 7. Normalized (relative to the full period) time series plot of the Flowerpot chronology over the 610–1989 period, where the ex-
pressed population signal statistic (EPS) is >0.85 (Wigley et al. 1984). The bold line is a 25-year cubic smoothing spline. The number
of extreme (>1.5 SD) annual values are shown above for each 100-year period. Note that the first and last periods (610–699 and 1900
onwards) are not complete 100-year windows. The black bars denote extreme (>1.0 SD) nonoverlapping 10-year periods of above- and
below-average inferred summer precipitation (see Table 3 for details).




























Note: The decadal extremes were identified by comput-
ing 10-year means using the nonfiltered normalized data
(reference period, 1610–1989).
Table 3. Extreme nonoverlapping decadal periods
(>1.0 SD) of above- and below-average inferred
summer precipitation.
century than with SOR. Excluding the late 20th century, the
combined information of the SOR, COOK, and FLOW se-
ries serves as a reasonable proxy for hydrometeorological
conditions over the region, and shows that dry conditions
existed for the periods 1700–1725, 1750–1800, and 1840–
1900, and generally wet conditions for the periods 1675–
1700, 1730–1750, and 1810–1840. The long FLOW chro-
nology was used to infer past hydroclimatic conditions back
to AD 610. We have identified several shifts between de-
cadal extremes of dry and wet periods over the past
1400 years, sometimes following closely from one extreme
to the other. Summer precipitation was most highly variable
during the 7th, 9th, 13th, and 16th centuries.
This study clearly illustrates the importance of these highly
unique, long tree-ring records for the study of past climate
conditions over the Great Lakes Region. Future work needs
to focus on addressing the late 20th-century calibration prob-
lems noted in this study. Whether the tree-ring records re-
flect local ecological effects (e.g., fire or other physical
disturbance) or are a product of a larger-scale regional forcing
that could be anthropogenic in nature (e.g., pollution effects
related to proximity of heavy industry) needs to quantified.
If this latter scenario is indeed in effect, the cedar data prior
to the 20th century can be interpreted as hydroclimate prox-
ies with more confidence than if the former scenario pre-
dominates.
Finally, it is possible that some of the chronologies can be
further extended, perhaps to several thousands of years, if
we incorporate wood samples found preserved on the talus
below the cliffs, as driftwood in paleo-shoreline caves, and
on submerged terraces in the lakes themselves (S. Blascoe,
personal communication). This last source may result in the
development of important information regarding changing
lake levels throughout the Holocene (e.g., Lewis and Anderson
1989; Chrzastowski et al. 1991), particularly if the regional
coverage of long, moisture-sensitive tree-ring chronologies
can be expanded to cover more of the Great Lakes Basin.
The composite wood resource along the Niagara Escarpment
may ultimately allow for the development of an exactly dated
T. occidentalis chronology that spans much of the Holocene.
It is this potential that illustrates the global importance of
this white-cedar resource.
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